INTRODUCTION
Rheological properties of honey are of particular interest to beekeepers and honey industrials because they affect handling, processing, storage, quality [Kayacier & Karaman, 2008] , and even honey consumption [Cohen & Weihs, 2010] . The rheological properties of honey, as well as many other physical properties, depend on several factors, including the composition and temperature of the honey, with water content being one of the most important ones. Generally, honey viscosity decreases with the increase in water content [ With regard to consistency, honey may be fl uid, thick or partially or fully crystallized. As the market favors the sale of liquid honey [Kabbani et al., 2011] , some types of treatment are necessary to keep honey in this state, such as fi ltration and heating. Heating is applied for several reasons, for example, to facilitate honey handling and packaging, retard the phenomenon of granulation and destroy microorganisms that may be present and adversely affect honey quality. Furthermore, heating might infl uence honey viscosity as stated by Kędzierska-Matysek et al. [2016] , who observed that the dynamic viscosity of rape honey decreased substantially
In the present work the temperature effect on rheological properties of Portuguese honeys was studied for the fi rst time. Two unifl oral honeysheather and rosemary -and a polyfl ower honey were analyzed. All honeys showed fl ow independence over time and behaved as Newtonian fl uids at the studied temperature and shear rate ranges. For all honeys it was found that the viscosity decreased with temperature and the rosemary honey was the one that always presented the lowest viscosity at 30°C (6120 mPa·s), 50°C (603 mPa·s) and 70°C (145 mPa·s). The temperature dependence of viscosity was well described by the
equation. Nevertheless, good regression coeffi cients were also obtained when fi tting the experimental data to the Arrhenius model, showing the rosemary honey to be less temperature sensitive. The results obtained in this study are of great interest to beekeepers and industrials that handle and prepare eatable honey-based products because they will be better informed about the best type of honey to use.
MATERIAL AND METHODS

Material
In this study, three different types of honey were analyzed. Two of them, heather and rosemary honeys, were of biological origin, from the Montesinho Natural Park. This Natural Park is located in Bragança district and is one of the largest protected areas in Portugal. The third honey was a polyfl ower honey from a beekeeper of Morais site. This village also belongs to Bragança district but it is not located in the Montesinho Natural Park. Morais site is a Natura 2000 Site (PTCON0023) and is an area of very high geological and botanical interest. This site has in its core the Morais Ophiolite Complex that is one of the most representative areas of ultramafi c rocks, and the largest continuous unit of serpentine soils in Portugal. No study on the rheological behavior of Portuguese honeys and in particular those produced in the Montesinho Natural Park and Morais village has been performed so far.
The three types of honey studied in the present work were collected in distinct apiaries in 2011. At each apiary, three different samples were collected, with approx. 1 kg/sample. After their acquisition, the honey samples were immediately transported to the laboratory, where they were kept at room temperature (around 20°C) in the dark.
Determination of pH, moisture and ash contents pH was directly determined in honey, using a portable pH meter Jenway 370 (United Kingdom), previously calibrated with buffer solutions of pH 7.01 and 4.01, in a similar way as reported by Cohen & Weihs [2010] . Moisture and ash contents of all honeys were calculated from the weight loss at 105±2ºC and 450±2ºC until constant weight, respectively. All measurements were done in triplicate.
Rheological measurements
To study the effect of temperature on honey rheological behavior, 10 mL of honey was placed in the container of the viscometer and heated at 30, 50, 70 and 95°C. For each honey, the temperature profi les for reaching these temperatures were determined. After 5 min of stabilization at the endpoint temperature, the shear stresses and viscosities were measured at fi xed time intervals at different shear rates. The curves of loading and unloading were also assessed in order to verify a non-time dependent fl ow behavior. To measure the rheological properties of honey samples, a rotational, concentric cylinder viscometer (Visco Star plus, Fungilab, Spain), equipped with a temperature controller (Electro-Temp Fungilab), and the TL6 and TL7 spindles were used, with diameters equal to 1.18 and 0.94 cm, respectively. The data acquisition was performed by the software "Data Logger vCli 1.01". The accuracy of the viscometer was tested with two Newtonian fl uids, namely, glycerin and a vegetable oil. All measurements were done in triplicate.
Data analysis
As a non-time dependent fl ow behavior was observed, the experimental data were fi rstly described by the Herschel--Bulkley model:
where: σ is the shear stress (Pa), σ OHB is the yield stress (Pa), K is the consistency coeffi cient (Pa.sec n ), γ · is the shear rate (1/sec) and n is the fl ow behavior index (dimensionless). These rheological parameters were estimated by means of the MAT-LAB software, which also determined the 95% confi dence bounds of the rheological parameters and the goodness of the fi ts by the sum of squares due to error (SSE), R-square, adjusted R-square and the root mean squared error (RMSE).
Afterwards, the Ostwald-De Waele power law was also applied to the data:
where: k is the consistency coeffi cient (Pa.sec n ) and n is the fl ow index (dimensionless). If a fl uid is a Newtonian fl uid, the fl ow index is equal to 1.0. If it is a pseudoplastic fl uid, n is less than 1, and if it is a dilatant fl uid, n will be higher than 1.
The effect of temperature on honey apparent viscosity was analyzed by the Arrhenius relationship (3) and by the empirical equation (4), namely:
where: η is the viscosity (Pa·s), K 0 is a pre-exponent constant (Pa·s), E a is the activation energy (J/mol), R is the universal gas constant (8.314 J/(mol·K)) and T is the absolute temperature (K). A and B are empirical constants and were estimated by the MATLAB software. The activation energy was obtained through Eq. (3) by plotting ln (η) versus (1/T). Furthermore, the SPSS Statistical software, v. 18.0 (SPSS Inc., Chicago, IL, USA) was used for the statistical treatment of moisture and ash data. Analysis of variance (ANOVA) was carried out to determine if there were signifi cant differences (p<0.05) between samples. Additionally, post hoc analysis was performed, namely the Tukey's honestly signifi cant difference test.
RESULTS AND DISCUSSION
Honeys characterization
pH, moisture and ash contents of the honeys studied in the present work are presented in Table 1 . The pH values varied from 3.85 (polyfl ower honey) to 4.55 (heather honey), indicating that these three Portuguese honeys were acidic. These values were similar to those reported for Indian (3.8 to 5.0) [Ahmed et al., 2007] [Cohen & Weihs, 2010] .
In relation to moisture content, this is an important parameter that determines honey quality since it infl uences some honey characteristics, such as viscosity, weight, preservation, fl avor, palatability, and crystallization. According to the Portuguese Law [Law-Decree No. 214/2003 of 18
th September], the maximum moisture content for honey is 20%; however, for the heather honey a moisture content of 23% is allow-able. When comparing these values with those determined in the present study, it was observed that only the polyfl ower honey had a moisture content within the specifi ed value. Due to the high moisture contents determined in heather and rosemary honeys, our results indicate that these honeys can undergo changes (e.g. undesirable fermentations) more quickly than polyfl ower honey, and these changes deteriorate their quality.
The ash content is directly related with the minerals content. The heather honey had the highest ash content (0.52%). On the other hand, the polyfl ower and rosemary honeys were those with the lowest ash levels (0.093 and 0.17%, respectively) and so the lowest mineral concentration. The range of ash content determined in the present work was similar to those reported to Turkish (from 0.11 to 0.52%) [Kayacier & Karaman, 2008] and Tunisian (from 0.06-0.58%) [Boussaid et al., 2015] honeys.
Honey rheological behavior
Before determining the rheological behavior, the heating profi les of the three honeys were determined (Figure 1 ).
At each temperature, all honeys showed a similar heating profi le. As expected, the lowest periods of time required to reach the heating temperature were obtained at the lowest heating temperatures (30 and 50ºC, respectively). However, the heating of the three honeys was very fast, even when high temperatures were applied. Furthermore, the polyfl ower honey with the lowest moisture content did not show a different heating profi le when compared with the other two honeys. These results were different to those reported by Abu-Jdayil et al. [2002] for Jordan honeys who stated the longest time to reach the endpoint heating temperature for the honey with the lowest moisture content.
In relation to the rheological behavior, the shear stresses as function of shear rates at 30 (A), 50 (B), 70 (C) and 95 (D)°C for the three honeys studied in the present work are represent- ed in Figure 2 . Almost all studied honeys showed Newtonian fl ow because linear relationships were observed between shear stress and shear rate, passing the lines through the y-axis origin. Furthermore, no dependence of the fl ow over time was detected because the loading and unloading curves overlapped. This meant that no thixotropy was observed. The lowest slopes of the lines were always detected for the rosemary honey at almost all temperatures (with exception at 95°C), suggesting a honey with lower viscosity than the others.
The Herschel-Bulkley model was applied to the data, being the rheological parameters indicated in Table 2 . As the yield stresses (parameter that indicates when the material behavior changes from elastic to viscous) determined in the present work were low (less than 8.5 Pa and all 95% confi dence intervals included the zero number), it indicated an insignifi cant effect of microparticles (crystals) in honey [Smanalieva & Senge, 2009] . Moreover, the negative values of the yield stresses indicate modelling error because The values inside the parenthesis correspond to the coeffi cients with 95% confi dence bounds. it is physically impossible. Generally, the fl ow behavior index and yield stress were always around 1.0 and 0.0, respectively, suggesting a Newtonian fl ow. These results were confi rmed by Ostwald-de Waele power law (Table 3) . High linear correlation coeffi cients were obtained (0.978 to 1.00) and all slopes were around 1.0, indicating a Newtonian fl ow. Only the rosemary honey at 95ºC showed a slope lower than 1, indicating a slight shear thinning fl ow behavior; however, this behavior might be due to some experimental errors (instrumental drift).
The viscosity values obtained for the three honeys studied at 30, 50, 70 and 95ºC remained constant with the shear rate most of the time, corroborating the Newtonian fl ow behavior (Table 4) . A similar rheological behavior has also been reported for Chinese honeys subjected to a temperature range from 10 to 30ºC [Junzheng & Changying, 1998 ], Australian honeys treated at 4 to 30ºC [Bhandari et al., 1999a] and at subzero temperatures [Sopade et al., 2004] Concerning honey heating, for all cases it was found that the viscosity decreased with temperature (Table 4) . Rosemary honey was the one that always presented the lowest viscosity at 30, 50 and 70°C. Nevertheless, this honey did not have the highest moisture content. Generally, honeys with high moisture contents present low viscosities [Witczak et al., 2011] due to the plasticizing effect of water. Thus, the present results indicated that other components affect honey viscosity. Regarding the polyfl ower honey, its behavior was more similar to the heather honey than to the rosemary honey.
Arrhenius equation is commonly used to describe the viscosity-temperature relationship for honey. The parameters of this equation describing the viscosity-temperature relationship were determined by linear regression (ln viscosity = f(1/T)) and are indicated in Figure 3 . Linear correlation coeffi cients between 0.946 and 0.986 were obtained. The values of activation energy (E a ) were equal to 71.2, 57.7 and 74.5 kJ/mol for the heather, rosemary and polyfl ower honeys, respectively. This parameter refl ects the sensitivity of viscosity to temperature changes [Juszczak & Fortuna, 2006; Lazaridou et al., 2004] , showing that the rosemary honey was the least sensitive (lowest E a value) among the three studied honeys. The activation energies determined in the present work were similar to those reported by Lazaridou et al. [2004] The values inside the parenthesis correspond to the coeffi cients with 95% confi dence bounds. Data are presented as mean ± standard deviations (n=18). mol) for Spanish honeys. Nevertheless, as a slight curvature was observed in the data, the Equation (4) was applied to the viscosity values, being high coeffi cients of determination (R 2 ) obtained (Table 5) , varying between 0.9999 and 1.000. These results showed that the model expressed by Equation (4) gave a better fi t than the Arrhenius equation.
CONCLUSIONS
Over the temperature range from 30 to 95ºC, the Portuguese heather, rosemary and polyfl ower honeys analyzed in the present work exhibited the Newtonian behavior. Heating caused a reduction in viscosity; however, heather and polyfl ower honeys seemed to be more sensitive to temperature than rosemary honey. Furthermore, the equation Thus, the present study has a signifi cant practical importance because it gives valuable information to beekeepers and industrials that handle and prepare eatable honey-based products subjected to heat treatment.
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